Plant receptor-like kinases (RLKs) are comprised of a large family of kinases having multitudinous functions. Onion (Allium cepa), an important bulbous plant, has almost no reports on RLKs and their role in onion plant growth and defense responses. In the pre sent work, mining of the transcript database 'dbEST' has been performed to obtain the expressed tags of A. cepa. Subsequently, the consensus sequence assembling carried out by CAP3 program resulted in 4175 number of contigs. Consecutive rounds of BLAST searches resulted in identification of 4 highly homologous contigs with the previously reported plant RLKs. Further structural characterizations by MEME, Prosite and SOPMA supported the identified contigs to be putative RLKs. All four putative RLKs (AcCon13, AcCon183, AcCon383, and AcCon1738) possessed 9 out of 11 canonical kinase sub-domains, the signature protein-kinase domain, and the ATP binding sites. Phylogenetic analysis along with previously reported plant RLKs revealed that the identified contigs belong to different RLK sub-families.
Introduction
Plant Receptor-like kinase (RLK) is a multi-gene super-family involved in various physiological processes including plant growth and development, symbiosis, self-incompatibility, stress responses, and phytohormonal signaling (Gish and Clark, 2011; Antolin-Llovera et al., 2014) . The plant RLKs typically consist of a signal sequence, a transmembrane domain, and a serine/threonine kinase domain (Greeff et al., 2012) . A large number of RLKs are encoded by plants to perceive various internal and external stimuli. In Arabidopsis, more than 600 RLK members are been encoded which are involved in numerous cellular processes . Besides their contributions in plant physiological processes, RLKs play a vital role in plant defense responses and pathogen recognition. The RLKs involved in plant defenses are known as pattern-recognition receptors (PRRs) which recognize the pathogen-associated molecular patterns (PAMPs) or microbe-associated molecular patterns (MAMPs) and instigate PAMP-triggered immunity (PTI) (Mengiste, 2012) . Although, plant RLKs can be divided into as many as 44 families (Greeff et al., 2012) , the best studied families are leucine-rich repeat (LRR), proline-rich extensinlike receptor protein kinase or proline-rich receptor-like protein kinase (PERK), lectin receptor-like kinase or lectin receptor kinase (LRK), LysM receptor-like kinases (LySM), and serine/threonine-protein kinase (STK). Recognition of the pathogen signatures by the RLKs result in a solitary or a complex cocktail of defense responses via generation of reactive oxygen species (ROS), liberation of secondary messengers, synthesis of secondary metabolites, accumulation of phytohormones and expression of defense responsive genes (Andolfo and Ercolano, 2015) .
Onion (Allium cepa) (family: Amaryllidaceae) is an important and most widely cultivated bulbous vegetable in the world. India is the second largest producer and the largest exporter of onions producing more than 19 million tonnes, and exporting more than 1 million tonnes per year, respectively (FAOSTAT, 2017) . Although, the demand of onion ever rising, the vegetable faces huge crop losses due to pest and pathogen attacks majorly from insects, nematodes, and fungi. However, apart from some reports on markers associated with physiological traits and markerassisted selection (MAS), no substantial research has been carried out to identify and isolate disease resistance genes in onions. Thus, identification and characterization of potential RLKs in onion will be highly beneficial in understanding the dynamics of onion resistance responses. Advancements in the omics approaches, and increasing number of nextgeneration sequencing (NGS) and microarray experiments have resulted in deposition of innumerable expressed sequence tags (ESTs) in public database like dbEST. The availability of these expressed tags facilitates the mining, prediction and characterization of candidate genes by following stringent bioinformatics procedures. Mining of available ESTs and genome survey sequences in the public databases (dbESTs and dbGSS) have been used to identify numerous candidate genes including resistance gene homologs (RGH) (Ren et al., 2014) , embryonic seed development genes (Emila and Percy, 2015) , glycine-rich proteins (Kar et al., 2012) , mitogen activated protein kinases (Joshi et al., 2011a) , nucleotide binding site-leucine rich repeat (NBS-LRR) genes (Joshi et al., 2011b) , microRNAs (Chand et al., 2017) and micro-satellites markers (Lopez et al., 2015; Chand et al., 2015) . In the current work, an EST mining-based identification of putative RLKs in A. cepa has been carried out by using already reported RLK sequences as bait. Further, the structural characterization of these identified highly homologous contigs has been performed by using several bioinformatics tools.
Results and Discussion

Contig delineation by sequence similarity and sequence comparison
By using CAP3 sequence assembly program, a total of 4175 contigs were generated from 20225 A. cepa EST sequences. TBLASTN was used to perform reverse alignment of the generated contigs with some previously reported plant RLKs. 2), and LysM receptor-like kinase (Accession no. CAL46258.1, EEE80883.1, XP_002880525.1). Contigs which showed higher than 40% homology with the bait sequences were selected and used for another round of BLAST search. The second round of BLAST resulted in identification of four highly homologous contigs AcCon13, AcCon183, AcCon383, and AcCon1738 with significant hits and query coverage (score >400, query coverage >85%). AcCon183 and AcCon1738 showed the highest homology with serine/threonine-protein kinases from Ananas comosus and Glycine max, respectively. AcCon13 exhibited 80% similarity with PERK1 from Zea mays, whereas AcCon383 showed 85% similarity with Hercules receptor kinase1 (HERK1) from Ananas comosus (Table 1) . Multiple sequence alignment (MSA) of AcCon13, AcCon1738, AcCon183, and AcCon383 revealed the presence of signature protein kinase sub-domains in all four contigs (Fig 1) . Typically, a protein kinase consists of 11 canonical sub-domains, however, an additional signal peptide and a common docking (CD) domain can also be found at times (Hanks and Quinn 1991; Joshi et al., 2011a) . The MSA results revealed that all four onion contigs possessed 9 out of 11 canonical sub-domains of a protein kinase with no signal peptide or CD domain.
Motif elicitation and structural characterization of the A. cepa contigs
De novo motif prediction by using multiple expectation maximization for motif elicitation (MEME) tool revealed the presence of 10 structural motifs in the four selected onion contigs. Out of the10 predicted de novo motifs, 9 motifs corresponded to I-IX domains of a protein kinase (Fig 2) . Additional domain scans using Pfam and Prosite resulted in the identification of protein kinase signature domain and ATP-binding domain in all four contigs (Fig 3) . The identification of protein kinase signature domains, and presence of the nine protein kinase sub-domains strongly suggested that the contigs belong to protein kinase family. A typical protein kinases functions by using a γ-phosphate of adenosine triphosphate (ATP) to phosphorylate an amino acid residue during phosphorylation process (Lehti- Shiu and Shiu, 2012) . Thus, the detection of an ATP-binding region along with kinase domains in all four contigs confirmed their possible kinase roles. However, absence of two more kinase sub-domains and the average length of the four contigs (284 aa) suggests that the contigs might be the partial portions of potential RLKs. Translated sequences of all four onion contigs were further analyzed to predict the peptide properties. SOPMA analysis of the contigs revealed that all four A. cepa contigs constitute of majorly random coils (cc) (41.3% in AcCon13; 35.5% in AcCon183; 42.9% in AcCon1738; 37.6% in AcCon383) and α-helices (33.2% in AcCon13; 37.3% in AcCon183; 22.6% in AcCon1738; 24.4% in AcCon383) with extended stands and β-turns (Fig 4A) . Similar kind of peptide properties were predicted for ClMPK6, a protein kinase involved in fungal defense in turmeric (Nanda et al., 2016) . Hydropathy analysis of these four contigs was performed by using the Kyte-Dolittle plot. The results revealed that AcCon13, AcCon183, AcCon383 and AcCon1738 are hydrophobic in nature as they showed maximum peaks towards the negative side on the plot ( Fig  4B) .
Phylogenetic analysis and classification of A. cepa contigs
Phylogenetic analysis was performed to determine the relationship within the four A. cepa contigs and among the RLKs from other plant species. A neighbor-joining (NJ) tree was constructed based on the sequence information of the four onion contigs and 19 RLKs from other plants species. The resulted phylogenetic tree classified the onion contings into three different RLK sub-families. AcCon13 formed a subclade with the PERKs, whereas Conting383 was grouped with the receptor-like protein kinases. AcCon183 and AcCon1738 both were grouped with the serine/threonine-protein kinases (Fig 5) . AcCon383 showed 85% similarity with the RLK HERK1 from A. comosus and 77% similarity with the protein kinase from Populus trichocarpa. In Arabidopsis, HERK1 and HERK2 are reported to be involved in plant growth and stem elongation (Guo et al., 2009a; 2009b) . Thus, AcCon383 being highly homologous to HERK1 might possibly be involved in regulating the plant growth and proliferation in onions. However, full-length characterization and in-depth molecular analysis of AcCon383 will help to confirm its role in cell growth. Similarly, AcCon13 shared 80% similarity with PERK1 from Zea mays and formed a subclade along with PERKs from Arabidopsis and Gossypium. Nakhamchik et al. (2004) has reported the Arabidopsis PERK family to be consisting of 15 predicted kinases. Further, the expressions of these PERKs in Arabidopsis were found to be both tissue-specific and generic. AtPERK4 was reported to be involved in abscisic acid (ABA) signaling response and root cell elongation (Bai et al., 2009) . In Brassica napus, PERK1 was reported to be involved in the early perception of mechanical injury and fungal attack (Silva and Goring, 2002) . Thus, AcCon13, exhibiting high sequence homology and being grouped with PERKs, might have a similar role in onion as like the reported PERKs. AcCon1738 showed 84% homology with serine/threonine-protein kinase from G. max and 82% similarity with serine/threonine-protein kinases PBS1 from P. trichocarpa. Similarly, AcCon183 showed 87% homology to serine/threonine-protein kinase STK11 from Cocos nucifera and serine/threonine-protein kinases A. comosus. Conventionally, the protein kinases are divided into two families such as protein tyrosine kinases and serine/threonine kinases (Hanks and Quinn, 1991) . The presence of comparatively poorly conserved GT/XXY/X-APE consensus than the highly conserved tyrosine-specific consensus PI/VK/RWT/MAPE in sub-domain VIII in both AcCon183 and AcCon1738 further confirms them to be STKs (Rudrabhatla et al., 2006) . Plants STKs are one of the extensively studied protein kinase sub-family and have been reported to be involved in numerous cellular functions including plant defense (Afzal et al., 2008; Ho, 2015) . Furthermore, STKs contribute to plant defense by regulating several physiological processes like cell wall strengthening, synthesis of secondary metabolites and inducing defense gene responses (Amil-Ruiz et al., 2011; Sekhwal et al., 2015) . SnRK2 protein kinases, another family member of plant STKs reported to involved in ABA signaling and abiotic stress responses (Kulik et al., 2011) . Interestingly, STKs are also associated with negative regulation of plant defense. In Arabidopsis, PBL13, a STK is reported to negatively regulate defense against pathogenic bacteria Pseudomonas syringae attack (Lin et al., 2015) . Having the serine/threonine kinase signature domains and being grouped with the reported plant STKs, AcCon183 and AcCon1738 claim to be potential STKs in onion which might have plant defense regulatory roles. Extensive structural and functional characterization of these two contigs will pave new insights into their possible involvement in onion defense responses. Although, further functional analysis is required to establish the physiological roles of the identified putative RLKs in onions, this work can serve as a basic framework for future research on delineating the diverse roles of A. cepa RLKs. In several previously reported studies, the in silico data mining from different databases have resulted in identification and characterization of a number of important genes in plants.
By EST mining and from the available full-length cDNA sequences in public databases, Keeling et al. (2011) reported the phylogenetic classification and functional characterization of terpene synthase genes in spruce. Joshi et al (2011a) reported the identification of four MAPK partial sequences through the in silico analysis of the Curcuma longa EST database. This work later paved the way for cloning, isolation, and structural and functional characterizations of four MAPKs in C. longa under various abiotic stresses (Nanda et al., 2014) . Data mining using HMMER and BLAST, and sequence retrievals from EST database had resulted in identification and characterization of Calmodulin-binding transcription activator (CAMTA) genes in strawberry (Leng et al., 2015) . Apart from plants, mining of EST database and further functional analysis resulted in identification of effector proteins in the phytopathogen Phytophthora infestans (Torto et al., 2003) . Similarly, in silico mining has resulted in characterization of 12 putative genes encoding chitinase-like proteins in Nilaparvata lugens, a dreadful pest of rice (Xi et al., 2014) . Thus, these current findings will help in the subsequent structural and functional characterization of the identified onion contigs, which in turn will reveal their actual roles in plant growth and defense responses.
Materials and methods
Sequence retrieval and processing from dbEST
The transcript database dbEST from NCBI is a public database that contains the expressed sequence tags or single-pass cDNA sequences of plants, animals, and microorganisms. For the current in silico data mining work, transcript sequences of onion expressed in different physiological conditions and in different tissues were obtained from dbEST. A total of 20255 number of ESTs were retrieved in FASTA format and used for further processing. As the sequences often contain unwanted sequence contaminations such as part of vector sequences or adapter sequences, all 20255 ESTs were processed to obtain clean reads. The EST sequences were screened against the UniVec database of NCBI (ftp://ftp.ncbi.nlm.nih.gov/pub/UniVec/) to detect vector and adapter sequence contaminations and such detected sequences were subsequently removed. Clean reads with no sequence contaminations were used subsequently for generation of contigs.
Generation of contigs and homology search
CAP3 sequence assembly program (Huang and Madan, 1999) was employed to generate contigs and to create a nonredundant dataset from the cleaned EST sequences. The Basic Local Alignment Search Tool (BLAST) variant TBLASTN was used to perform reverse alignment of some reported RLKs on A. cepa contigs. Contigs showing more than 40% homology with the bait RLKs were selected and the open reading frames (ORFs) and their putative protein sequences were obtained by using ExPASy translate tool (http://web.expasy.org/translate/). Protein sequences obtained were used in a second round of BLAST search against the non-redundant protein database at NCBI to identify their closest homologs.
Sequence alignment and phylogenetic analysis
Multiple alignments of proteins deduced from the selected four contig sequences were performed using the Clustal Omega program (https://www.ebi.ac.uk/Tools/msa/clustalo/). Phylogenetic tree was constructed from the aligned contigs and other RLK protein sequences by employing the neighbor-joining method with Poisson correction, 1000 bootstrap replicates and pairwise deletion using the Molecular Evolutionary Genetic Analysis (MEGA v 7) package (Kumar et al., 2016) .
Motif characterization, protein properties and hydrophobicity prediction
De novo motif predictions and motif elicitation of the selected contigs were performed by using Multiple Expectation Maximization for motif Elicitation (MEME) tool (Bailey et al., 2006) . Additional domains were detected using the Prosite (http://prosite.expasy.org/) and Pfam (http://pfam.xfam.org/) prediction programs. The peptide structural properties of the selected contigs were predicted by using Self Optimized Prediction Method with Alignment (SOPMA) (Combet et al., 2000) . The hydrophobicity of the deduced protein sequences were predicted by using the Kyte-Dolittle plot (Kyte and Doolittle, 1982 ) (http://web.expasy.org/protscale/) keeping the window size 19.
Conclusion
The mining of A. cepa transcriptome database and extensive bioinformatics analysis resulted in identification of four highly homologous putative RLKs in onion. All four identified contigs possessed 9 out of 11 canonical kinase sub-domains. Prosite analysis results further revealed the presence of signature protein kinase domains and ATP-binding sites in all four contigs confirming them to be putative protein kinases. Phylogenetic analysis revealed that the contigs belong to different sub-families of RLKs, and their homology with previously known RLKs suggested their putative functionalities in A. cepa. Moreover, this work will serve as a framework to identify and characterize RLKs in onions involved in plant defense, as hardly any information is available on them. The full-length characterization and isolation of these putative RLKs will unearth their structural organization in A. cepa. Further biochemical and functional analysis of the characterized putative RLKs are necessary to confirm their involvement in stress and disease responses in onion.
